Introduction
The Populus genus consists of about 30 species, which are commonly found in the Northern Hemisphere. They are an important model system for forest tree research, an ecological pioneer species, and of high commercial interest due to their rapid growth and ease of propagation (Stettler et al., 1996) . The genome assembly of the European aspen Populus tremula (Lin et al., 2018) proved difficult for a short-read based strategy due to high genomic variation. As a consequence, the fragmented sequence is impeding studies that benefit from highly contiguous data, particularly genome-wide association studies (GWAS) and comparative genomics. Here we present an updated assembly based on long-read sequences, optical mapping and genetic mapping. This assembly -henceforth referred to as Potra V2 -is assembled into 19 contiguous chromosomes which provides a powerful tool for future association studies. The genome sequence and any feature files are available from the PopGenIE resource (Sjödin et al., 2009 ).
Results and Discussion

Genome Assembly
The P. tremula genome assembled into 19 chromosomes and 1582 scaffolds with a combined length of 408834716bp. Aligning 95M Illumina reads (about 20x coverage) yields a 96.4% (97.77% in V1) map percentage with 94.19% (92.33% in V1) of these maps in proper pairs. The increase in proper pairs and a decrease in overall mapping reflects our expectation from an assembly with higher contiguity but lower per-base accuracy. Table 1 provides additional summary statistics for the raw assembly. Analysis of the genome using BUSCO (Simão et al., 2015) with the embryophyta_odb10 ortholog set showed 96.8% (96.8% in V1) complete BUSCOs, of which 81.7% (82.5% in V1) were single copy and 15.1% (14.3% in V1) duplicated. The first version of the assembly scored better in duplication and missing BUSCOs. Detailed values follow in table 2.
The long terminal repeat (LTR) index for the assembly (Ou et al., 2018 ) is 6.65, with 1.42% of intact LTRs 20.66% of total LTRs. This LTR index indicates a high-quality draft assembly comparable to apple v1.0 or cacao v1.0. Analysis of structural variation in both genomes showed fewer overall variants in PotraV2, but a higher rate of insertions and inversions. The extremely high number of detected translocation events in PotraV1 is likely due to the overall fragmentation of the genome.
Synteny alignments between V1 and V2 showed that 59.6% of genomic regions on chromosomes (55.1% when including scaffolds) in V2 have a corresponding V1 alignment. The extent of the difference in these assemblies is suprising, especially given the high mapping rates of genomic shotgun sequence. It is plausible that the regions that are missed are comprised of sequence that is traditionally problematic for short-read assemblies, e.g.: repeats. Figure 2 .1 shows a visual representation of the synteny alignments for the 19 chromosomes in V2. 
Gene annotation
We identified in total 39894 gene models, 37184 of which on chromosomes and 2710 on scaffolds.
In total, we detected 77949 transcripts, 73765 on chromosomes and 4184 on scaffolds ( 
Materials and Methods
If not otherwise specified, we omitted irrelevant arguments (s.a. file paths, parallelism) from command lines for the sake of clarity. If no arguments are specified, we did not make any changes to the defaults. Unless otherwise specified, we aligned genomic data with BWA mem v0.7.8-r455 (Li, 2013) and RNA-Seq data with STAR v2.6.1d (Dobin et al., 2013) . Coverage values assume a genome size of 480M basepairs. All scripts and config files can be found in the Git repository: https://github.com/bschiffthaler/ aspen-v2
Data
Unless otherwise specified Science for Life Laboratory in Stockholm generated all sequence data. For genome assembly and correction, we generated two libraries:
• "PacBio data": 28874072954 bases (filtered subreads, 60x coverage), Pacific Biosciences on the RSII platform. ENA: TBD
• "Illumina data": 108353739802 bases (226x coverage), Illumina HiSeq2500. ENA: TBD
We also collected several RNA-Seq datasets for use in the genome annotation:
• "AspWood" (Sundell et al., 2017) (ENA: ERP016242)
• "Sex" (Robinson et al., 2014) (ENA: ERP002471)
• "SwAsp" (Mähler et al., 2017) (ENA: ERP014886)
• "Assembly version 1 tissue atlas" (Lin et al., 2018) (ENA: PRJEB23585)
• "Xylem/Leaf" (Lin et al., 2018) (ENA: PRJEB23585)
• "Leaf Development" (Unpublished data, sequenced by BGI Genomics)
Assembly
Initially, we assembled the genome using FALCON v0.3 (Chin et al., 2016) . We include the FALCON config file in the Git repository. Subsequently, we aligned all the Illumina data to the initial assembly and used in-house scripts to correct homozygous SNPs and small INDEL issues. We then aligned the Illumina data to the fixed assembly and repeated the first round of fixing. For a third and final round of fixing, we used the Illumina data as input to Pilon (Walker et al., 2014) v2.11-1.18 to correct assembly issues per scaffold.
In order to reduce the presence of split haplotypes, we used HaploMerger2 (Huang et al., 2017) (retrieved: 2015-11-06). We include all HaploMerger2 scripts in the Git repository. We subsequently created an optical map of the genome in collaboration with BioNano genomics, which we utilized to further scaffold and orient our current assembly. Finally, we used the high-density genetic linkage map from Apuli et al. (2019) as input to ALLMAPS (Tang et al., 2015) to place the scaffolds into chromosomes.
Transcriptome Assembly
To provide evidences for the gene annotation process, we used trinity (Grabherr et al., 2011) to assemble the transcriptome of five RNA-Seq (Mortazavi et al., 2008) datasets from Populus tremula. Four of the datasets had already been used for the annotation of the previous genome version (Lin et al., 2018) : exAtlas, exDiversity, Xylem.leaf and Leaf, while the fifth was derived from our AspWood resource (Sundell et al., 2017) . These five datasets are available from the ENA (https://ebi.ac.uk/ena) under the accessions PRJEB5040, PRJEB1790, PRJEB28867, PRJEB28866, PRJEB14593, respectively. The reads were pre-processed as described in Lin et al. (2018) and Sundell Sundell et al. (2017) . Briefly, the raw reads were filtered for rRNA using SortMeRNA (Kopylova et al., 2012) version 2.1 and trimmed for adapter sequences and lower quality using Trimmomatic (Bolger et al., 2014) v0.39. The filtered reads were then assembled using trinity (Haas et al., 2013) version 2.8.4 using default settings. The resulting transcript fasta files were then used as evidence for Maker-P.
Annotation
We first collected a set of diverse RNA-Seq datasets from previous studies. These, we aligned to the genome using STAR in 2-pass mode. For the first pass, we used the following arguments: We then provided these alignments to BRAKER1 (Hoff et al., 2015) along with protein sequences of version 1 of the assembly, running BRAKER1 in hybrid mode with arguments:
braker.pl --genome=genome.fa --prot_seq=protein.fa \ --prg=gth --softmasking --AUGUSTUS_ab_initio
In order to prepare the genome for annotation, we created a custom repeat library using RepeatModeler v1.0.11. We then concatenated the custom repeats with known repeats in Viridiplantae and the first assembly of the P. tremula genome. We masked the genome using RepeatMasker 4.0.8 1 .
We ran MAKER v2.31.10 (Campbell et al., 2014) on the masked genome in three passes. We include the MAKER config files in the Git repository. We used Trinity assemblies from all RNA-Seq datasets in conjunction with all transcripts from the v1 assembly as expressed sequence tag (EST) evidence. Further, we provided proteins from the v1 assembly and the v3.0 assembly of P. trichocarpa (Tuskan et al., 2006) as protein evidence. In order to train AUGUSTUS v3.0.2 (Stanke et al., 2008 ) and SNAP v2013-11-29 (Korf, 2004 we extracted confident predictions from the first run of MAKER using maker2zff from the MAKER suite and zff2augustus_gbk.pl from an external source 2 . We then proceeded with another round of MAKER including AUGUSTUS, SNAP and GeneMark-ES (Lomsadze et al., 2005) . We repeated this process of training AUGUSTUS and SNAP once more for a third and final round of MAKER.
Synteny Alignments
We performed the synteny alignments using Satsuma2 3 with default arguments.
Structural Variant Detection
We aligned the PacBio data to both the version 1 and version 2 assemblies using pbmm2, which uses Minimap2 (Li, 2018) internally. We then performed variant detection using pbsv 4 using default arguments.
Functional Annotation
We aligned the transcripts and protein-coding sequences retrieved from MAKER to the NCBI nt (Wheeler et al., 2006) and UniRef90 (Consortium, 2018) databases, respectively. For transcripts, we used Blast+ version 2.6.0+ with the non-default parameters: -evalue 1e-5 (Altschul et al., 1990) . For proteins, we used Diamond version 0.9.26 with default parameters (Buchfink et al., 2015) . We identified and extracted the sequences aligning solely to the NCBI nt database to complement the UniRef90 alignments using an ad-hoc script (available upon request). We then imported the resulting alignment files in Blast2GO (Götz et al., 2008) version 5.2. Finally, we used Blast2GO to generate the Gene Ontology (both GO and GO-Slim), PFAM (El-Gebali et al., 2018) and KEGG (Kanehisa and Goto, 2000) annotations.
Evaluation
To calculate summary statistics of the assembly, we used QUAST v5.0.2 (Gurevich et al., 2013) , aligning a 20x coverage subset of the aspen V1 2x150 PE library data (ENA: PRJEB23581) to calculate mapping percentages. We ran BUSCO v3.0.2 for both the genomic and transcript sequences. We retrieved the "em-bryophyta_odb10" dataset from https://busco.ezlab.org/.
Figures and Data Processing
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